Abstract. Soil-transmitted helminths (Ascaris lumbricoides, Trichuris trichiura and hookworm) negatively impact the health and wellbeing of hundreds of millions of people, particularly in tropical and subtropical countries, including Brazil. Reliable maps of the spatial distribution and estimates of the number of infected people are required for the control and eventual elimination of soil-transmitted helminthiasis. We used advanced Bayesian geostatistical modelling, coupled with geographical information systems and remote sensing to visualize the distribution of the three soil-transmitted helminth species in Brazil. Remotely sensed climatic and environmental data, along with socioeconomic variables from readily available databases were employed as predictors. Our models provided mean prevalence estimates for A. lumbricoides, T. trichiura and hookworm of 15.6%, 10.1% and 2.5%, respectively. By considering infection risk and population numbers at the unit of the municipality, we estimate that 29.7 million Brazilians are infected with A. lumbricoides, 19.2 million with T. trichiura and 4.7 million with hookworm. Our model-based maps identified important risk factors related to the transmission of soiltransmitted helminths and confirm that environmental variables are closely associated with indices of poverty. Our smoothed risk maps, including uncertainty, highlight areas where soil-transmitted helminthiasis control interventions are most urgently required, namely in the North and along most of the coastal areas of Brazil. We believe that our predictive risk maps are useful for disease control managers for prioritising control interventions and for providing a tool for more efficient surveillance-response mechanisms.
Introduction
The soil-transmitted helminths are a group of nematode parasites that cause human infection when their eggs are ingested (Ascaris lumbricoides and Trichuris trichiura) or larvae penetrate the skin (the two hookworm species Ancylostoma duodenale and Necator americanus) (Bethony et al., 2006; Hotez et al., 2008; Knopp et al., 2012) . Recent climate suitability modelling suggests that more than 5.3 billion people were at risk of soil-transmitted helminthiasis in 2010 with over 1 billion people infected with at least one of the aforementioned soil-transmitted helminth species (Pullan and Brooker, 2012) . The distribution of infections is governed by social-ecological systems with poverty playing a key role in maintaining high levels of endemicity. Indeed, the highest rates and intensity of infection and public health burden are concentrated in poor communities in tropical and subtropical areas (de Silva et al., 2003; Tchuem Tchuenté, 2011; Lustigman et al., 2012; Ziegelbauer et al., 2012) . The highest infection intensities are usually observed in schoolaged children, whilst there is a decline in prevalence and intensity of infection with age (Anderson and May, 1985; de Silva et al., 2003; Bethony et al., 2006; Brooker et al., 2007) . Hence, the global strategy to control soil-transmitted helminthiasis (and other helminth infections such as schistosomiasis) targets the school-aged population, and this is done by periodic administration of anthelminthic drugs, usually without prior diagnosis (WHO, 2002 (WHO, , 2006 Hotez et al., 2007; Utzinger et al., 2009) .
In Brazil, soil-transmitted helminth infections are of considerable public health importance, particularly through their association with anaemia, diarrhoea and malnutrition, which impairs the physical, psychosomatic and social development of school-aged children and adolescents (Pedrazzani et al., 1988; Nascimento and Moitinho, 2005; Brooker et al., 2007; JardimBotelho et al., 2008) . In 2009, the Pan American Health Organization (PAHO) put forward an agenda for the control and elimination of neglected diseases and other poverty-related infections in Latin America and the Caribbean (PAHO, 2009; Schneider et al., 2011; Colston and Saboyá, 2013) . Interventions that focus on priority areas are required to improve the cost-effectiveness of control programmes and, among the proposed deliverables, reliable maps of the distribution of neglected tropical diseases along with estimates of the numbers infected play an important role Guimarães et al., 2010; Ault et al., 2012; Scholte et al., 2012a; Colston and Saboyá, 2013) .
Bayesian geostatistical models have been widely used for predicting the spatial distribution of helminth infections at different scales and for different parts of the world. Successful applications include risk profiling of schistosomiasis, soil-transmitted helminthiasis and co-infections at the village, district, national and regional level in Africa and Asia (Clements et al., 2006; Raso et al., 2006; Steinmann et al., 2007; Schur et al., 2011a; Chammartin et al., 2013a) . In Latin America, the paucity of data has considerably delayed the mapping, and hence control, of soil-transmitted helminthiasis (Sabin Vaccine Institute/Inter-American Development Bank/PAHO, 2011). Recent work attempted to fill this gap. Indeed, the geographical distribution of the three major soil-transmitted helminth species has been modelled based on historical data from South America using different approaches (Chammartin et al., 2013b; Colston and Saboyá, 2013) . Another recent study assessed the regional risk of ascariasis and trichuriasis in relation to climatic, environmental and social variables in the Brazilian State of Minas Gerais (Scholte et al., 2012b) based on data from the schistosomiasis national control programme (NCP). However, the analyses by Scholte et al. (2012b) and Colston and Saboyá (2013) used standard statistical models that ignore spatial correlation of the data, and hence estimates have to be interpreted with caution.
In the study presented here, we analyse prevalence data of A. lumbricoides, T. trichiura and hookworm collected by the NCP from 2005 to 2009 and produce nationwide high-resolution risk maps for the three soil-transmitted helminth species. Superimposing population density, we estimated the number of infected people stratified by state. A Bayesian geostatistical modelling framework was employed with aligned data collected over large number of locations. As predictors, we used remotely sensed climatic and environmental data and socioeconomic proxies. Our predictive maps aim to inform local and national authorities to better target limited resources to control and eventually eliminate soil-transmitted helminthiasis in Brazil.
Materials and methods

Soil-transmitted helminth infection prevalence data
Prevalence data for A. lumbricoides, T. trichiura and hookworm were obtained from 1,020 municipalities across Brazil surveyed in the years [2005] [2006] [2007] [2008] [2009] within the NCP framework. The diagnostic method employed to detect Schistosoma mansoni infection was the Kato-Katz technique (Katz et al., 1972) , which is also widely used for detection and quantification of soil-transmitted helminth infections (Speich et al., 2010; Knopp et al., 2012) . A single Kato-Katz thick smear was prepared from each participant. Fig. 1 shows the localities of the surveyed municipalities. Table 1 summarises the different data sources utilised to derive climatic and environmental data. In brief, climate data were extracted from Worldclim Global Climate Data (Hijmans et al., 2005) . These data consist of 19 bioclimatic variables. Environmental data were obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra satellite. Land surface temperature (LST) data were used as proxy for day and night temperatures. The normalised difference vegetation index (NDVI) and enhanced vegetation index (EVI) were used as proxies for moisture and vegetation, respectively. A digital elevation model (DEM) was employed to extract altitude data. Table 2 summarises the socioeconomic indicators used in our study. In brief, population data for the year 2010 were stratified into rural and urban. Human development index (HDI) data for the year 2000 were provided by the Instituto Brasileiro de Geografia e Estatística (IBGE). Unsatisfied basic needs 2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 1950-2000 
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Statistical analysis
For each soil-transmitted helminth species, univariate logistic regressions for the continuous environmental and socioeconomic factors were performed in order to assess potential non-linear trends in relation to the logit scale of the infection risk. Covariates indicating Pan American Health Organization (unsatisfied basic needs) (census data)
Bras0_3 (% of pupils enrolled in primary school) Bras0_4 (% of pupils completing primary school) Bras0_5 (rate literacy 15 to 24 years) Bras0_6 (girls and boys, primary school) Bras0_7 (girls and boys, high school) Bras0_8 (girls and boys, undergraduate school) Bras0_9 (relation literacy women and men 15 to 24 years) Bras0_10 (% women work, non-farm) Bras0_11 (% people with potable water at house) Bras0_12 (% people with sanitation at house) Bras0_13 (% people with energy at house) Bras0_14 (% own x rent house) Bras0_15 (index secure tenure house) Bras0_16 (unemployment rate) Bras0_17 (% of houses with phone) Bras0_18 (% of houses with computer) Bras2_11 (% of people overcrowding) Bras2_15 (% of people subsistence) Infant mortality rate (IMR) Table 2 . Data sources and properties of the socioeconomic covariates used in our Bayesian geostatistical model to predict soil-transmitted helminth infection prevalence in Brazil (socioeconomic data are at the unit of the municipality).
non-linear trends were categorised into three or four groups, based on inspection of scatter-plots. The deviance information criterion (DIC) was employed to detect whether univariate logistic regressions on linear or categorised covariates have smaller DIC and therefore better fit the outcome. Parsimonious sets of environmental and socioeconomic covariates were obtained for each infection using Gibbs variable selection (George and McCulloch, 1993) . Variable selection was carried out in a Bayesian framework, using non-spatial multivariate logistic regression models with standardised linear covariates. Bayesian geostatistical logistic regression models were fitted on the reduced set of covariates with location-specific random effect parameters to account for potential spatial correlation. The model was developed assuming that the random effects follow a multivariate normal distribution with variancecovariance matrix related to an exponential correlation function between any pair of locations. Markov chain Monte Carlo (MCMC) simulation was employed to estimate all model parameters.
We predicted species-specific soil-transmitted helminth infection prevalence based on the estimated associations of the reduced set of covariates on the outcome and spatial parameters via Bayesian kriging, using marginal predictive posterior distributions. Prediction was carried out using a grid with a spatial resolution of 5 x 5 km that resulted in over 280,000 locations for Brazil. A random sample of 820 training locations was selected to fit the geostatistical models. The predictive ability of each model was then assessed by comparing the model-based predictions at the remaining 200 test locations with the observed outcomes at these locations using (i) mean absolute errors (MAE) and (ii) proportion of location correctly predicted within a 95% Bayesian credible interval (BCI). The statistical analyses were carried out in STATA/IC version 10.1 (Stata Corp. LP; College Station, USA), WinBUGS 1.4.3 (Imperial College and Medical Research Council, London, UK) and Fortran 95 (Digital Equipment Corp.; Maynard, USA).
Ethical considerations
Soil-transmitted helminth infection prevalence data were obtained from the schistosomiasis NCP, approved by the Ministry of Health in Brazil. No specific ethical approval was required for the secondary analysis presented in this article, which focuses on risk profiling of soil-transmitted helminth infection.
Results
The georeferenced soil-transmitted helminth speciesspecific infection prevalence data obtained from the schistosomiasis NCP consisted of 1,020 unique survey locations. Taken together, the observed prevalence ranged from nil to 64.3% with a mean prevalence of 10.3% (median = 5.0% and standard deviation (SD) = 13.4%) for A. lumbricoides, from nil to 42.5% with a mean prevalence of 4.9% (median = 0.8% and SD = 9.1%) for hookworm, and from nil to 33.4% with a mean prevalence of 3.7% (median = 0.8% and SD = 6.7%) for T. trichiura infection. The spatial distribution of the survey locations and the prevalence of infection with A. lumbricoides, hookworm and T. trichiura are shown in Figs. 1a, 1b and 1c, respectively.
In our initial analyses, we included a set of 45 climatic, environmental and socioeconomic covariates. However, after careful variable selection, between 29 and 33 of these covariates were removed depending on the soil-transmitted helminth species in question. Hence, for the final geostatistical analyses, a total of 16, 15 and 12 covariates were used for the prediction of risk with hookworm, A. lumbricoides and T. trichiura, respectively. Model validation indicated that the MAE of the A. lumbricoides was 7.3, meaning that, on average, our predicted prevalence at the test locations for A. lumbricoides in Brazil was about 7% higher or lower than the observed prevalence data. The hookworm and T. trichiura models showed better predictive performance with MAEs of 4.4 and 3.0, respectively. Additionally, the latter two soil-transmitted helminth species were correctly predicted within 95% BCIs for 98% of the test locations. Even though the model for A. lumbricoides ranked third, its predictive ability was high as it correctly predicted 94% of the test locations within a 95% BCI. Tables 3, 4 and 5 show the results of the Bayesian variable selection and parameter estimates of the final geostatistical models for hookworm, A. lumbricoides and T. trichiura, respectively.
For A. lumbricoides, the most suitable climate conditions appear to be high rainfall and temperatures below 26°C. In addition, we found a negative association between A. lumbricoides and altitude. The socioeconomic indicators suggest that the higher the HDI and the proportion of people living in houses with sanitation facilities and electricity, the lower the odds of A. lumbricoides infection. Municipalities with higher tenure housing index were at lower risk of A. lumbricoides, while HII was positively correlated with A. lumbricoides infection.
For T. trichiura, the socioeconomic indicators suggest that the higher the HDI and percentage of selfsubsistence people, the lower the odds of an infection with this helminth species. On the other hand, the higher the HII and the percentage of people living under crowded conditions, the higher the odds of T. trichiura infection. The climatic factors that were found to be significantly associated with T. trichiura infection were high annual rainfall and temperatures below 26°C. However, altitude showed a negative relation.
The hookworm model suggested that high vegetation index and precipitation are suitable for transmission, while altitude was negatively associated. The socioeconomic variables suggested that the higher the percentage of urban population and HDI, the lower the odds for hookworm infection. Municipalities with high IMR had lower odds for both hookworm and T. trichiura infection. This negative relation has been estimated both by non-spatial bivariate logistic regression (data not shown) and multivariate geostatistical models.
Spatial parameter estimates were similar for all three soil-transmitted helminth species. The spatial range was estimated to be 4.9 km (95% BCI: 3.1-12.7 km), 5.1 km (95% BCI: 3.1-14.7 km) and 5.1 km (95% BCI: 3.1-14.2 km) for A. lumbricoides, T. trichiura and hookworm infection, respectively. The residual spatial variation was overall very low with the largest variance of 0.03 (95% BCI: 0.01-0.04) observed for the A. lumbricoides model. In comparison, the nonspatial variance was between 160 (A. lumbricoides) and 510 (hookworm) times smaller than the spatial variation. These results suggest that the remaining spatial correlation was low after adjusting for the climatic and socioeconomic predictors.
The predictive spatial distribution of the risk for A. lumbricoides, T. trichiura and hookworm in Brazil, based on the estimated outcome-predictor associations and other modelling parameters, are shown in Fig. 2 . The highest risk is in the North, the eastern part of Northeast (the coast line), the South and along the south-eastern coastline. While there is low risk for A. lumbricoides infection in the south-eastern and central regions, the risk of infection with this helminth species is considerable higher elsewhere in Brazil. The highest risk for T. trichiura is in the North and along the north-eastern coast line, whereas the low risk areas are concentrated in the South, the Central and the Southeast regions. High-risk areas for hookworm are in the North and inland with the low-risk areas mainly found in the South, Southeast and Northeast. Fig. 3 shows the corresponding prediction uncertainty maps, as indicated by the SDs of the model prediction errors.
By considering municipality-specific population sizes, we were able to convert model-based prevalence esti- mates into number of infected people at the unit of the municipality and, after aggregation, at the state level (Table 6) . At the national level, we estimate that 29.7 million Brazilians (15.6%) are infected with A. lumbricoides. The corresponding 95% CI ranges between 26.9 and 32.4 million people. For hookworm, we estimate the number of infected people at 4.7 million (2.5%), whereas the 95% CI range between 4.0 and 5.8 million people. For T. trichiura, we estimate that 19.2 million Brazilians are infected (10.1%) with a 95% CI ranging between 16.6 and 21.6 million people.
Discussion
To our knowledge, we present the first model-based, spatially explicit risk maps of soil-transmitted helminth infections for Brazil at high spatial resolution (5 x 5 km).
Our estimates include the number of infected people at the state level (aggregation of municipality-level data) as well as for the entire country. At the national level, we estimate overall prevalences for A. lumbricoides, T. trichiura and hookworm of 15.6%, 10.1% and 2.5%, respectively, which translates to 4.7 million infections with hookworm, 19.2 million infections with T. trichiura and 29.7 infections with A. lumbricoides. Our estimates were derived from advanced Bayesian geostatistical models, including two validation approaches. Model construction took into account the relation between the parasite prevalence data with remotely sensed climatic and environmental data and socioeconomic variables obtained from readily available databases. From the initial set of 45 covariates, between 12 and 16 covariates remained in the final models, depending on the soiltransmitted helminth species investigated. Total   AC  AL  AP  AM  BA  CE  DF  ES  GO  MA  MT  MS  MG  PA  PB  PR  PE  PI  RJ  RN  RS  RO  RR  SC  SP  SE  TO   732, 793 3,120,922 668,689 3,480,937 14,021,432 8,448,055 2,562,963 3,512,672 6,004,045 6,569,683 3,033,991 2,449,341 19,595,309 7,588,078 3,766,834 10,439,601 8,796,032 3,119,015 15,993,583 3,168,133 10,695,532 1,560,501 451,227 6,249,682 41,252,160 2,068,031 1,383,453 190,732,694 137,472 640,726 201,945 987,890 1,448,414 830,444 84,835 364,265 258,174 1,655,561 191,749 146,716 1,062,066 1,760,435 315,285 1,169,236 605,168 322,195 1,754,497 279,747 1,801,128 200,213 78,018 803,710 2,037,857 429,944 144,295 29,697,081 Using a simple linear regression approach, Colston and Saboyá (2013) estimated that the overall prevalence of soil-transmitted helminth infection among schoolaged children in Brazil is 29.3%. Brazil-specific data obtained from a Bayesian geostatistical meta-analysis of historic soil-transmitted helminth survey data at the continental level revealed similar prevalence estimates for A. lumbricoides (14.3%) and T. trichiura (10.1%) (Chammartin et al., 2013b) . However, for hookworm, a five-fold difference in the estimated prevalence was found: 2.5% in the current study compared to the 12.3% obtained by Chammartin et al. (2013b) . Differences in the spatial and temporal coverage of the data might explain this observation. For example, in terms of spatial coverage, risk profiling carried out by Chammartin et al. (2013b) focussed on entire Latin America, whereas the current analysis pertains to Brazil only. In regards of temporality, the hookworm data employed by Chammartin et al. (2013b) covered a 10-year period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , as opposed to a 5-year period (2005) (2006) (2007) (2008) (2009) ) utilised in the current analysis.
The geographical distribution of A. lumbricoides and T. trichiura infection indicated high prevalence along the Atlantic forest areas, which are humid and warm and thus provide a suitable environment for transmission. Our geostatistical models were able to identify the most important climatic factors for parasite development, and these corroborate with prior laboratory investigations (Beer, 1973; Crompton and Pawlowski, 1985) . The similar spatial patterns of A. lumbricoides and T. trichiura predicted by our models are supported by the similar life cycles of these two helminth species outside the human host (Bethony et al., 2006; Knopp et al., 2012) . Of note, the overall prevalence of A. lumbricoides is somewhat higher than that of T. trichiura, which might be explained by different morphologies of the parasite eggs (A. lumbricoides eggs show higher resilience to climate extremes in the natural environment compared T. trichiura eggs), higher egg production rates of A. lumbricoides compared to T. trichiura, and somewhat faster reinfection of A. lumbricoides compared to T. trichiura following anthelminthic drug administration (Brooker and Bundy, 2009; Jia et al., 2012) . Hookworm has a distinctively different life cycle. In fact, hookworm eggs hatch and human infection occurs when the third-stage larvae (L 3 ) actively penetrate the skin. Hence, hookworm larvae are vulnerable to desiccation and need humid and warm environment for survival (Bethony et al., 2006) . The geographical distribution of the hookworm risk predicted by our model indicates a high prevalence on the Amazonia Legal region.
Our spatial predictions for each of the three soiltransmitted helminth species studied showed strong correlations with socioeconomic and environmental covariates (precipitation and temperature). Our results therefore suggest that these variables are important drivers for the spatial distribution of A. lumbricoides, T. trichiura and hookworm, which should be considered when control strategies are planned. Importantly, our models predict the risk of soil-transmitted helminth infections at high spatial resolutions (i.e. 5 x 5 km) aggregated at various levels from the municipality to the national. Our fine-scale estimates (e.g. municipality level) can be utilised, alongside guidelines put forward by the World Health Organization (WHO) for preventive chemotherapy (WHO, 2006) , to calculate the cost of preventive chemotherapy at the administrative unit where interventions will be implemented. Colston and Saboyá (2013) , who estimated the prevalence of soiltransmitted helminth infection in the school-aged population of Brazil at 29.3% and using WHO treatment guidelines, came up with an initial cost of US$ 17.5 million for administering anthelminthic drugs to schoolaged children.
It must be admitted that our prediction maps may not capture disease focality with high accuracy since our geospatial analysis is based on survey data aggregated at the municipality level. The surveys were carried out at higher resolution (i.e. villages and towns), but disaggregated information of the exact survey locations were not available. Our models therefore assumed that there is no variation in our predictors within the municipalities although this might not be true, especially not with respect to the socioeconomic factors. In addition, parts of Brazil lack point prevalence data. For example, there are no prevalence data available for soil-transmitted helminth for large areas covering the Amazon as well as the Central and Southern regions. Interestingly, we estimate a lower risk in those areas compared to Chammartin et al. (2013b) , who used data from neighbouring countries to derive inference in such areas. We recommend that future parasitological surveys be conducted in municipalities where no or only limited data are currently available to improve model accuracy. Finally, advances have been made with multivariate spatial models for risk profiling of multiple health outcomes (for a recent example of a joint spatial model for hookworm-Schistosoma mansoni co-infection, see Schur et al. (2011b) ). It would be interesting to develop and validate joint spatial models for A. lumbricoides and T. trichiura, as these two helminth species share similar transmission pathways (Booth and Bundy, 1992; Bethony et al., 2006; Knopp et al., 2012) .
Conclusions
Our predictive risk maps for the three common soiltransmitted helminth infections across Brazil should be useful tools for prioritising control interventions and to set-up effective surveillance-response mechanisms. Moreover, important data gaps have been identified and these must be filled to further improve predictive risk estimates. However, already at this stage, as can be judged from the maps shown here, useful information for spatial targeting of control interventions is provided. Moreover, the estimates presented here might serve as a benchmark for monitoring and evaluation of future efforts towards disease elimination. ).
